MHD collimation mechanism in arched flux ropes characterized using volumetric, time-dependent B-vector measurements by Haw, Magnus A. & Bellan, Paul M.
Geophysical Research Letters
MHD Collimation Mechanism in Arched Flux Ropes
Characterized Using Volumetric, Time-Dependent
B-Vector Measurements
Magnus A. Haw1 and Paul M. Bellan1
1Department of Applied Physics and Materials Science, California Institute of Technology, Pasadena, CA, USA
Abstract Laboratory measurements of B(x, t) in a volume enclosing portions of two arched ﬂux ropes
show ﬂux rope collimation driven by gradients in axial current density. These measurements verify the three
predictions of a proposed MHD collimation mechanism: (1) axial magnetic forces exist in current channels
with spatially varying minor radius, (2) these forces can drive counterpropagating axial ﬂows, and (3) this
process collimates the ﬂux rope. This mechanism may explain the axial uniformity of solar loops and is
relevant to other systems with current channels of varying minor radius such as solar prominences and
astrophysical jets.
1. Introduction
For many years models of arched magnetic structures in the solar corona have assumed a magnetohydrody-
namic (MHD) force-free equilibrium (𝜇0J = 𝜆B, J × B = 0) where pressure and gravity forces are assumed
to be negligible (|𝛁P|∕|J × B| ≈ 0, |𝜌g|∕|J × B| ≈ 0) (Mackay et al., 2010; Wiegelmann & Sakurai, 2012).
These force-free models are an advancement over potential magnetic ﬁeld models (B = 𝛁Ψ, J = 0) but
still have diﬃculty fully matching observations (Aschwanden et al., 2012; DeRosa et al., 2009; Sugiyama
& Asgari-Targhi, 2017). Outstanding discrepancies between force-free models and observation include the
unexpectedly strong collimation of coronal loops (Fuentes et al., 2006; Klimchuk, 2000; Plowman et al.,
2009) and why large loops have signiﬁcantly higher density than expected from a hydrostatic equilibrium
(Aschwanden & Nightingale, 2005; Petrie, 2006). Other proposed mechanisms to explain overdense loops
(Litwin & Rosner, 1998; Martens, 2010; Warren et al., 2003) or loop collimation (Malanushenko & Schrijver,
2013) treat these two problems separately.
The mechanism proposed in Bellan (2003) observes that both collimation and overdense loops could be
explained by net current ﬂowing along the ﬂux rope axis (Figure 1). This theory observes that current chan-
nels with changing minor radius (Jr, Jz ≠ 0) have an unbalanced component of the magnetic force along the
ﬂux rope axis:
fŝ[N∕m3] = JrB𝜃 ≈ −
𝜕
𝜕s
(
B2
𝜃
2𝜇0
)
, (1)
where “s” is the distance along the loop axis from the footpoint. Such forces could increase the equilibrium
density of loops by providing a force opposing gravity along the loop axis. Furthermore, if these forces exceed
gravity, they will drive counterpropagating ﬂows from both loop footpoints which convect poloidal ﬂux to
the loop apex, leading to loop collimation. This mechanism is relevant to the collimation and equilibrium of
coronal loops (Aschwanden et al., 2000), vertical upﬂows in solar prominences (Tripathi et al., 2012; Tian et al.,
2012; Ahn et al., 2010; Parenti, 2014; Mackay et al., 2010), the fast counterstreaming ﬂows observed along
prominence and loop axes (Ahn et al., 2010; Alexander et al., 2013; Filippov et al., 2015; Parenti, 2014; Yan et al.,
2015), and the persistent collimation of astrophysical jets (Hsu & Bellan, 2002; Li et al., 2006; Zhai et al., 2014).
This paper presents measurements of the time-dependent vector magnetic ﬁeld B(x, t) in an annular vol-
ume containing portions of two experimental plasma ﬂux ropes (Figure 2a). Analysis of these measurements
provides experimental veriﬁcation of the three key predictions of the collimation theory: (1) axial magnetic
forces exist in widening current channels, (2) these forces can drive counterpropagating axial ﬂows, and (3)
the process drives loop collimation. These measurements of experimental ﬂux ropes are relevant to other
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Figure 1. (left) Collimation theory stages. (right) Fast-camera images of the double-loop experiment in these stages.
Blue arrows at footpoint highlight the initially diverging current collimating over time.
MHD plasmas because the ideal MHD equations have no intrinsic length scale and can be written in a
nondimensional form.
2. Apparatus
The double-loop apparatus is similar to previous loop experiments done at Caltech (Hansen et al., 2004;
Stenson & Bellan, 2012). The plasma formation sequence begins by energizing solenoids below each elec-
trode, producing an arched backgroundmagnetic ﬁeld between each electrode pair. Then, argon neutral gas
is injected by fast gas valves (Bellan, 2002) fromnozzles in each electrode, and a capacitor is discharged across
each electrode pair. The high voltage ionizes the gas cloud, driving current along the background B-ﬁeld,
forming ﬂux ropes. This initial conﬁguration is shown in Figure 2a. These two ﬂux ropes collide and merge,
eventually forming a single collimated ﬂux rope (Figure 1). The experiment operates inside a 1.6m long, 1.4m
diameter vacuum chamber (base pressure ∼ 10−7 Torr), as described in Hansen et al. (2004).
2.1. B-dot Probe Array
The volumetricB-ﬁeld datawere acquiredusing a rotatable B-dot probe array. This array consistedof ﬁfty-four,
5.6 μH surface-mount inductors in a linear array of 18 three-axis clusters. Each channel is digitized at 12 bits
at a frequency of 100 MHz. By rotating and translating the probe through 750 shots, the array maps out the
time-dependent vector ﬁeld B(x, t) in a volume containing most of Loop b and part of Loop a (Figure 2a).
Figure 2b demonstrates the high reproducibility (shot variation∼1%–5%,±10−3 T) of themagnetic ﬁeld that
makes this 3-D scan possible. The combined B-vector measurements have a spacing of 1–2 cm, a temporal
resolution of 0.1 μs, and extend from 4.5 cm to 22.7 cm above the electrode surface.
2.2. Magnetohydrodynamic (MHD) Interpretation
MHD provides an appropriate description of the experiment since the length (0.5 m) and time scales (20 μs)
are large compared to particle scales (plasma frequency: fpe = 1012 s−1, Larmor radius: rLi = 10
−3 m, mean
free path: lmfp = 10−4 m), and the characteristic velocities are not relativistic (v ≪ c). In this limit, the plasma
can be treated as a single conducting ﬂuid which obeys the following equation of motion:
𝜌
DU
Dt
= J × B − 𝛁P + 𝜌g. (2)
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Figure 2. (a) Diagram of double-loop apparatus showing positioning of electrodes (copper), initial plasma loops (red),
the annular measurement volume (purple), and the magnetic probe array (green). (b) Representative plot of B-ﬁeld
variation for single direction at single location over sample of ﬁve shots. (c) Comparison of Loop b power supply current
and the calculated 3-D current density: J = ∇ × B. The power supply trace (dark blue) represents ±1𝜎 error bars for the
sample of 750 shots, and the other line (light blue) plots the integrated current density through a Loop b cross section
(∫ J ⋅ dA, this cross section is plotted in Figure 3).
This equation canbenondimensionalized to allow for comparisonsbetweendiﬀerent scales. TheMHD formof
Ampére’s Law is alsoused, J = ∇×B∕𝜇0, since thedisplacement current is ignorable for characteristic velocities
much slower than the speed of light (| 1
c2
𝜕E
𝜕t
| ∕ |∇ × B| ∼ (v∕c)2 ). It also ensures that the current density is
divergenceless∇ ⋅ J = 0. Comparing themeasured B ﬁeld with independent current measurements validates
this assumption: integrating∇×B∕𝜇0 over a ﬂux rope cross sectiongives total current in good agreementwith
Rogowski coil measurements of the power supply current (Figure 2c). The experimental Lundquist number is
S ∼ 100 ≫ 1 ensuring that magnetic diﬀusion remains small (𝜂 = 3 ⋅ 10−4 Ω⋅m) and the magnetic evolution
is governed by the induction equation:
𝜕B
𝜕t
= ∇ × (U × B). (3)
Assuming aplasma canbedescribedby idealMHD (S ≫ 1), its behavior canbe scaled to adimensionless form.
This lack of an intrinsic length scale provides a one-to-one correspondence between systems with the same
dimensionless form. The following invariant transformations provide scaling between equivalent systems:
L0∕a1 → L′, 𝜌0∕a2 → 𝜌′, B0∕
√
a3 → B
′, P0∕a3 → P′,
1
a1
√
a3
a2
t0 → t
′,
√
a2
a3
v0 → v
′, a1a2
a3
g→ g′, where a1, a2, a3
are freeparameters (Ryutov et al., 2000). Table 1 shows the characteristic parameters of the experiment, typical
coronal loop parameters, and experimental parameters scaled to the solar environment using a1 = 2.5 ⋅10−8,
a2 = 108, and a3 = 104. With the notable exception of gravity, the experimental parameters scale well to the
solar case. It is important to note that the listed time scale, 𝜏A, is the Alfvén crossing time (𝜏A = L∕vA) and not
the loop lifetime, which for solar loops is typically ∼ 102𝜏A–103𝜏A. The experimental plasma lifetime ≈ 2𝜏A is
limited due to the power supply duration; however, this lifetime is suﬃciently long to resolve the collimation
time scale (< 𝜏A).
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Table 1
Dimensionless Scaling of Caltech Parameters to Solar Loops
Experimental parameters B = 3000 G L = 0.5 m 𝜌 = 10−4 kg
m3
𝜏A = 20 𝜇s
g = 10 m
s2
P = 300 Pa vA = 3 ⋅ 104
m
s
𝛽 = 0.01
Scaled experimental parameters B = 30 G L = 2⋅107 m 𝜌 = 10−12 kg
m3
𝜏A = 7 s
g = 3 ⋅ 10−3 m
s2
P = 3 ⋅ 10−2 Pa vA = 3 ⋅ 106
m
s
𝛽 = 0.01
Typical coronal loop B = 50 G L = 2⋅107 m 𝜌 = 10−12 kg
m3
𝜏A = 5 s
T= 1.5 MK g = 300 m
s2
P = 1 ⋅ 10−2 Pa vA = 4 ⋅ 106
m
s
𝛽 = 0.002
3. Results
The analysis of the data is limited to the ﬁrst 12 μs of evolution when the ﬂux ropes are still within the mea-
surement volume and the shot-to-shot variation is minimal (Figure 2). Within these constraints, the current
density, J(t), and magnetic force density, J(t) × B(t), can be calculated at each point in the measurement vol-
ume. Figure 3 plots several representations of this data set at t = 4.5 μs includingmagnetic ﬁeld lines, current
density isosurfaces, vectors of the magnetic force density (J × B), and 2-D cross sections. Movies of the 3-D
time evolution are available in the supporting information.
3.1. Axial Magnetic Forces
As expected from the visible light images of the plasma, the total current has a funnel-like proﬁle: narrower
at the footpoints (rminor ∼ 3 cm) and wider at the apex (rminor ∼ 6 cm). The |J| isosurfaces in Figure 3 show
larger current density at the footpoints (∼ 2.8 × 106 A/m2) than at the apex (∼ 0.7 × 106 A/m2). These values
Figure 3. Plot of 3-D B-ﬁeld measurements viewed from B-dot probe axis of rotation at t=4.5μs: B-ﬁeld streamlines
are shown in blue, current density isosurfaces are shown in orange, and colored vectors represent the J × B force
density. Two-dimensional slices of J × B and J are shown for the black cross section where arrows represent the
in-plane components and colors represent the out of plane component. The dotted white line represents the 50%
current contour.
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Figure 4. Plot of magnetic force per length (∫S(J × B) ⋅ dS) through loop
cross sections along the full loop axis at three times. The J × B axial
component is directed toward the apex independent of the
current direction.
are consistent with the earlier assumption that current density is diver-
genceless ∇ ⋅ J = 0 (i.e., the net current through each cross section
should be the same). This ﬂaring can also beobserved in the J cross section
(Figure 3, bottom right) in which there is a diverging radial component.
The J × B force density given by this ﬂared current has a signiﬁcant axial
component. This axial component canbe seen in the3-Dvectors plotted in
the upper half of Figure 3 and in the J×B cross section in lower left, where
the colormap corresponds to the axial component. This axial component
is vertical at both footpoints and reverses direction at the apex of the loop.
Figure 4 plots this axial component for 22 cross sections along loop b. This
ﬁgure demonstrates the existence of axial magnetic forces directed from
both footpoints toward the apex, independent of the current direction.
Themagnitudeof these values are consistentwithequation (1), andamore
detailed quantitative comparison is included in the supporting informa-
tion information. These symmetric axial forces directed toward the apex
are the primary result of the paper.
3.2. Axial Pressure and Density
Since the ﬂux rope minor radius does not immediately collapse, the mag-
netic forces must be partially balanced by the internal pressure of the ﬂux
rope. The slight imbalance of these forces leads to the observed expansion
of themajor radius. Consequently, themagnetic forceson the interior edge
of the loopmust begreater than thepressure forces: |J×B|(R−Δ) > | 𝜕P𝜕R |(R−Δ),
and the magnetic forces on the exterior edge must be less than the pressure forces: |J × B|(R+Δ) < | 𝜕P𝜕R |(R+Δ).
Integrating this force asymmetry gives strong bounds on the internal pressure of the ﬂux rope:
∫
R
∞
R̂ ⋅ (J × B) dR′ < P(r) < ∫
R
0
R̂ ⋅ (J × B) dR′. (4)
These measurements show that the axial pressure gradients (103 –105 N
m3
) are comparable to the axial mag-
netic force density (104 –106 N
m3
). More detailed analysis of the relative contributions of pressure andmagnetic
forces is included in the supporting information.
Since the temperature of the plasma is fairly uniform and nearly constant in time (1.92–2.02 eV, from
spectroscopic line ratios (Kramida et al., 2015), see supporting information), the density is proportional to the
Figure 5. Logarithmic plot of pressure and number density as a function of
time. Density is estimated from pressure bounds, assuming a uniform
temperature of 2 eV: n = P∕𝜅T .
pressure: n(r) = P(r)∕𝜅T . Figure 5 shows a plot of this inferred num-
ber density at the footpoints and apex as a function of time. There is a
two-hundredfold increase in density from t=1 μs (1019 m−3) to t=10 μs
(2 × 1021 m−3) at the apex. This large increase in density suggests large
ﬂows from the footpoints as there is insuﬃcient background gas present
to account for such a large increase.
3.3. Axial Flows
From the density evolution, the axial ﬂow velocity is inferred from the
continuity equation, assuming ﬂow is primarily in the axial direction (ŝ):
𝜕𝜌
𝜕t
= −𝛁 ⋅ (𝜌u) ≈ −
(
𝜕𝜌
𝜕s
us +
𝜕us
𝜕s
𝜌
)
. (5)
Axial velocity at the footpoints is estimated, assuming the compressible
term, (𝜕us∕𝜕s)𝜌, is small, as
u0 ≈ −
(
𝜕𝜌
𝜕t
(
𝜕𝜌
𝜕s
)−1)||||||s=0 . (6)
The inferred axial velocities (104 –105 m/s) are consistent with the ﬂows
imaged in other experiments (Stenson & Bellan, 2012; You et al., 2005)
for similar currents (20 kA). For comparison, the ion sound speed is
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Figure 6. Comparison of axial magnetic ﬁeld strength at loop apex and
footpoint as a function of time. The magnitude increases by more than a
factor of 10 for both locations corresponding to a factor of 3 compression
in minor radius.
∼103 m/s and the Alfvén velocity is ∼ 105 m/s, so the observed ﬂows are
supersonic but sub-Alfvènic. The total axial force divided by the inferred
density (10−6 –10−3 kg/m3), ŝ⋅(J×B−𝛁P)∕𝜌, gives axial accelerations in the
range (109 –1011 m
s2
). These accelerations are consistent with the inferred
velocities (104 –105 m/s), distances (0.1–0.2 m), and times (1–10 μs).
3.4. Flux Collimation
The total axial ﬂux, Ψ, of each loop can be considered constant since
the solenoids generating the background axial ﬁeld have a much longer
decay time scale (𝜏 ≈ 40 ms) than the experiment lifetime (Δt ≈ 30μs).
Consequently, the collimation is proportional to the magnitude of the
axial B-ﬁeld. In this sense, collimation is any compression of the initial
background ﬁeld.
Figure6plots themagnitudeof theaxial ﬁeld at theb+ footpoint andat the
loop b apex as a function of time. The axial ﬁeld strength at both locations
increases by an order of magnitude demonstrating signiﬁcant collimation
(e.g., minor radius decreases by a factor of 3). If the ﬂows were primarily in
the radial direction, the density would only increase by 1 order of magni-
tude. Since thedensity increases bynearly 3 orders ofmagnitude, themass
ﬂux must comemainly from the footpoints.
4. Discussion
The experimental measurements verify the three predictions of Bellan (2003): that a ﬂux rope with changing
minor radius has axial magnetic forces, that these axial forces can drive counterpropagating ﬂows from both
footpoints, and that this process increases collimation of the axial ﬁeld.
In the solar corona, even small deviations from the force-free paradigm, (i.e., J × B ≠ 0) can result in signiﬁ-
cant changes to loop equilibria (Sugiyama & Asgari-Targhi, 2017). For this reason, the collimation mechanism
could be signiﬁcant in explaining observations of solar loop collimation, equilibrium density proﬁles, and
counterstreaming ﬂows.
For example, a typical coronal loop (T = 1–3 ⋅ 106 K, g = 200–273 m/s2, m = 1.67 ⋅ 10−27 kg, and
𝜌 = 10−12 kg/m3) has a pressure scale height of HP = P0∕𝜌g = 𝜅T∕mg = 30–123 Mm. The equivalent scale
height for the collimationmechanism isHB = B2𝜃∕(𝜇0𝜌g). If a ﬂux rope’s poloidal ﬁeld at a footpoint is B𝜃 = 1G,
the magnetic scale height is HB = 30 Mm. Since such poloidal ﬁelds are routinely observed in coronal loops
(Aschwanden et al., 2012; Puschmann et al., 2010), this mechanism could explain the discrepancy between
measured scale heights (45–60 Mm) and hydrostatic scale heights (17 Mm) in some loops (Aschwanden
et al., 2000).
For ﬂux ropes with larger poloidal ﬁelds (1–10 G), the mechanism could generate counterpropagating ﬂows
along the loop axis. This could explain the recent observations of widespread counterstreaming ﬂows in both
solar prominences and solar loops (Ahn et al., 2010; Alexander et al., 2013; Mackay et al., 2010; Orozco Suárez
et al., 2014; Parenti, 2014; Yan et al., 2015) .
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